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Introduction
Ultrawideband (UWB) technology has attracted great interest for its large bandwidth and high data rates under unlicensed spectrum. However, the low power spectral density dictated by the spectral mask specified by the Federal Communications Commission (FCC) limits the transmission distance of UWB signals to less than 10 m [1] . By taking advantages of low transmission loss and extremely broad bandwidth offered by optical communication systems, UWB-over-fiber (UWBoF) technology has been proposed to remove this limitation. In this approach, UWB signals are generated and distributed in the optical domain [2, 3] . Over the years, different techniques have been reported for UWB pulse generation, including spectral shaping followed by frequency-to-time mapping [4] , nonlinear biasing of an electro-optic modulator [5, 6] , phase-to-intensity modulation conversion [7] [8] [9] [10] , spectral filtering using microwave photonics (MWP) filters [11] [12] [13] , and optical nonlinearity [14] [15] [16] . These techniques have shown good results, but most of them are based on optical fibers, which can be bulky. To reach their full potential, UWBoF systems need to adopt photonic integrated circuit (PIC) technology.
Recently, the emerging field of integrated MWP [17] where PICs are used to manipulate radiofrequency signals [18] has attracted interest for its distinct advantages in terms of size, weight, power, and cost. In this context, several photonic-chip-based solutions for UWB pulse generation have recently been presented, including silicon waveguide employing two-photon absorption [16] or ring resonators for pulse shaping [10, 19] . Although impressive results have been achieved, these approaches impose several limitations. For example, the technique reported in [16] can only synthesize simple monocycle pulses by combining positive Gaussian pulses, i.e. the normal Gaussian pulses, and negative Gaussian pulses, i.e. the pulses with inverted shape of normal Gaussian ones, at two different wavelengths, while the thermooptical tuning employed in [10, 19] with reconfiguration time of about 1 ms makes fast data modulation impossible.
Chalcogenide (ChG) photonic chips [20] [21] [22] [23] [24] [25] have recently emerged as a promising platform for implementing integrated MWP. The material possesses excellent properties such as large and ultrafast third-order optical nonlinearities, low two-photon absorption and negligible free-carrier effects [20, 21] . These properties guarantee instantaneous and pure response, ideal for all-optical nonlinear signal processing [22] . Additionally, the ChG photonic chip also exhibits large stimulated Brillouin scattering gain coefficient [23] , which has recently been used for integrated MWP signal processing in the form of tunable optical delay lines [24] and a reconfigurable singe band-pass microwave filter with tunable center frequency [25] .
In this work, we report a photonic-chip-based scheme for UWB pulse generation that offers a wide variety of pulse shapes and the potential for a host of modulation formats. These features are achieved by using a novel all-optical differentiator based on a chalcogenide (ChG) photonic chip. We combine the effects of cross-phase modulation (XPM) and birefringence in an As 2 S 3 rib waveguide to generate polarity-inverted UWB monocycles with single optical carrier from the input Gaussian pulse train. The high Kerr-nonlinearity of ChG [21] in a chip platform enables efficient XPM in a short length of 7 cm. Furthermore, we also combine these monocycles with a proper time delay to generate polarity-switchable UWB doublets and demonstrate the transmission of these doublets over a 40-km fiber link with good dispersion tolerance. Additionally, the scheme can be extended for high-speed modulation and hybrid modulation format [15] . Consequently, the proposed approach has the potential for multi-shape, multi-modulation and dispersion-compensation-free transmission UWBoF communication systems, representing a significant advance in the field of integrated MWP. Figure 1 shows the schematic of the proposal. The dashed box highlights the novel all-optical differentiator, where the phase-modulated probe through on-chip XPM is differentiated at the output via on-chip birefringence and mode interference. The details are as follows. P t is adjusted to compensate polarization-dependent nonlinear coefficient of these two modes such that the total phase modulation indices for both modes are the same. However, due to birefringence in the waveguide, the TE and TM modes experience a mutual time delay after 7-cm propagation. According to the simulation shown in Fig. 1(b) , the two modes have different mode profiles: the TM mode has a larger optical field in the cladding and the substrate than the TE mode, and thus has a lower effective refractive index. These provide different group refractive indices for achieving the mutual time delay, τ , which is estimated to be ~12.87 ps. While in most cases the impact of on-chip birefringence is undesirable, the mutual delay between these modes is crucial to obtain the all-optical differentiation in proposed scheme.
Principle of operation
The output from the chip is then passed to an optical band-pass filter (BPF) for removing the unwanted signal pulses. A polarization controller (PC) is then used to rotate the polarization of the probe and add a phase difference 0 ϕ between the TE and TM modes. Then the probe is fed into a polarization beam splitter (PBS) to achieve interference of the light at two polarizations, of which the two output ports provide signals expressed by 
where TE α and TM α are the losses of TE and TM modes respectively, L is the length of ChG rib waveguide, p E and p ω are the electric field amplitude and optical carrier angular frequency of probe light respectively, and θ is the rotation angle compared to principal axis of PBS, as shown in the lower inset of Fig. 1(a) . When detected by photo-detector (PD), the probe at the two PBS outputs converts to photocurrents with a.c. terms expressed as
By adjusting PC such that is small enough due to small τ , Eq. (2) can be simplified to
According to Eq. (3), one can conclude that, for sufficiently small τ , the output intensity from PBS can be approximated as the temporal differentiation of the phase variation of the probe,
, and hence of the input signal pulses, ( ) s P t . Thereby, we have constructed an alloptical differentiator by exploiting XPM and birefringence in single ChG waveguide. For a Gaussian optical pulse train input, the outputs of the PBS constitute Gaussian monocycles, which are the first-order temporal derivatives of the Gaussian pulses. Note that the generated monocycles are polarity inverted, as expected from Eq. (3). At each output port, the polarity of the monocycles can be easily changed by tuning the PC to shift either N between odd and even or θ between 45°and −45°. Additionally, by combining the positive and negative monocycles with an appropriate time delay, polarity-inverted doublets can also be generated. Figure 2 depicts the experimental setup. The signal pulses were generated from a modelocked laser (Calmar FPL-03CFF) at 1542.1 nm with a repetition rate of 10 MHz and pulse width around 400 fs. In order to match the FCC mask, we use dispersion compensating fiber (DCF) to broaden the pulses to a width of ~81 ps. As shown in Fig. 3(g) , the broadened pulses maintained a Gaussian-like shape, to which the certain frequency chirp of generated pulses from mode-locked laser contributed. The CW probe at 1552.1 nm was from a tunable laser source (TLS, Photonetics 3642HE1570). After amplification by erbium-doped fiber amplifiers (EDFAs) and polarization adjustments, both signal and probe were injected into a 7-cm long ChG waveguide with a cross-section of 4 µm × 850 nm and a high nonlinear coefficient of ~5560 W −1 ·km −1 . The waveguide was dispersion-engineered and had a low propagation loss of less than 0.2 dB/cm [26] . The light was coupled in and out of the chip using lensed fibers. Two 99:1 couplers were placed at the input and output of the chip to monitor the chip insertion loss, which amounted to ~9 dB. The chip output was routed to a BPF for removing the pump light, which was followed by a PC and a PBS. Two 50:50 couplers were placed at the PBS outputs. For each coupler, one of the outputs was directly routed to a PD. These outputs contained two polarity-inverted monocycles and are marked as optical outputs 1 and 3 in Fig. 2 .
Experiments and discussions
In order to generate a doublet from these monocycles, the other outputs of the couplers were delayed using a pair of variable optical delay lines (VODLs) and combined in another 50:50 coupler. This is marked as optical output 2 in Fig. 2 . To implement UWBoF transmission, the generated doublets then propagated over 40-km of single-mode fiber (SMF). The temporal waveforms and corresponding electrical spectra of the UWB pulses from each output were monitored by a digital communication analyzer (DCA, Hewlett Packard 83480A) and an electrical spectrum analyzer (ESA, Agilent E4448A), respectively. The measured waveforms and electrical spectra of the generated UWB pulses are shown in Figs. 3(a)-3(f) . From outputs 1 and 3, polarity-inverted monocycles were generated, as shown with blue traces in Fig. 3(a) for port 1 and Fig. 3(c) for port 3. At each port, the polarity of the monocycles can easily be changed by reconfiguring the PC, as depicted with red dashed traces in Fig. 3(a) for port 1 and Fig. 3(c) for port 3. As expected, the electrical spectra of monocycles contained relatively large lower-frequency components, as shown in Figs. 3(d) and 3(f) . For this reason, it is desirable to use high-order derivatives of Gaussian pulses in UWBoF systems [2] , for example doublets.
The generated waveforms of polarity-switchable doublets obtained from output port 2 are shown in Fig. 3(b) . As explained earlier, polarity inversion is obtained by adjusting the PC. As expected, the electrical spectra of the UWB doublets shown in Fig. 3 (e) featured a higher central frequency relative to the monocycles, and thereby fitted the FCC mask (green dashed line in Fig. 3 ) much better than the monocycles. Moreover, the lower-frequency components can be further suppressed by exploiting well-designed antennas with a desirable frequency response curve possessing a flat top in the UWB band and a deep notch in the lowerfrequency region, which performs like a band-pass filter [3] .
The temporal waveform and electrical spectrum of the generated doublets after propagating through 40-km fiber without dispersion compensation are shown in Figs. 3(h) and 3(i), respectively. As evident from these figures, the doublet accumulates only a small amount of distortion in its temporal waveform and has almost the same electrical spectrum, indicating that the UWB pulses have a good tolerance to dispersion over fiber and are suitable for long-distance transmission in UWBoF communication systems. We believe that this comes from the fact that the phase of the chirped input pulse is not transferred to the UWB waveform because XPM depends only on the intensity of the input pulses. This property combined with single carrier operation proposed in this scheme leads to a better dispersion tolerance than previously reported chip-based techniques [14, 16] . The novelty of this scheme lies in the use of on-chip XPM and on-chip birefringence to induce a time delay between the TE and TM modes. Thus, it is useful to study the role of the on-chip time delay, τ, in the generation of the monocycle pulses. We simulated and analyzed the impact of the variation in this time delay on the properties of the output UWB pulses, as shown in Fig. 4 . When the time delay changes from less than 1 ps to ~20 ps, the generated UWB pulses maintain nearly the same monocycle shape and their peak power increases almost linearly. However, when τ further increases, the pulse shape becomes slightly distorted and tends to separate into a positive Gaussian pulse followed by a negative one, as shown in the upper right inset of Fig. 4 . As indicated in Fig. 4 , the time delay of 12.87 ps provided by 7-cm ChG waveguide is located in the proper region for monocycle generation. 
Potential modulation techniques for multi-access UWBoF systems
For a practical UWBoF communication system, the information must be encoded, which is done by using different pulse modulation schemes such as pulse amplitude modulation (PAM), binary phase-shift keying (BPSK), pulse shape modulation (PSM), and pulse position modulation (PPM) [3] . As mentioned earlier, the proposed scheme has the advantage of flexibly implementing multi-modulation formats. In this section, we analyze the potential of implementing PAM, BPSK, PSM, PPM, and the hybrid modulation of these four [15] in the photonic-chip-based UWB generator. Note that the hybrid modulation scheme is particularly interesting to increase the transmission bit rate even further [15] . Figure 5 shows the extension of proposed scheme to accommodate multiple modulation formats. The additional hardware includes four bit-pattern generators (BPGs) for the data generation, two electro-optic modulators that include one Mach-Zehnder modulator (MZM) after the DCF and one polarization modulator (PolM) before PBS, two optical switches at the three output ports. Using this scheme, PAM can be achieved by modulating the power of the signal pulses via the MZM. Considering the cross-phase modulation index is proportional to the optical power of those signal pulses, the amplitude of the generated UWB pulses can be modified by continuously changing the driving voltage applied for MZM. In this way, the PAM with continuous tuning characteristics can be realized.
There are two methods to implement BPSK in this case. The first utilizes optical switch 1 to alternatively choose the polarity inverted UWB pulses from the PBS outputs. Alternatively one can use the PolM for either alternatively setting N as odd or even or shifting θ between 45°and −45°, according to Eq. (2). Moreover, by exploiting optical switch 2 for alternatively selecting the UWB pulse shapes between monocycle and doublet, PSM can be realized.
Finally, PPM can be achieved by using optical switch 1 to alternate UWB pulses with two orthogonal polarizations from output port 1 and 3, respectively. In this case, a length of polarization maintaining fiber (PMF) is used to provide a different group delay for the two UWB pulses at the two polarizations. By properly selecting the length of PMF, the mutual time delay between UWB pulses of two orthogonal polarizations can vary over a large range.
Thus, by exploiting the MZM for PAM, PolM for BPSK, optical switch 1 for PPM and optical switch 2 for PSM, it is possible to implement hybrid modulation of those four modulation formats to increase the transmission bit rate to at least four times the original, which is promising for future high-speed UWBoF communication [15] .
In addition, the above concept can be further extended towards multi-user and multiaccess UWB communication systems. Considering that all the CW probes with same proper wavelength spacing will satisfy 0 2 p N ϕ ω τ π π + + = and XPM can work in a large wavelength range, polarity-switchable UWB monocycles and doublets at multi-wavelengths are potential to obtain simply by coupling more CW probes with proper wavelength spacing into the ChG chip and using wavelength-division demultiplexer to separate them at the output ports. Thus, the proposal is promising for wavelength division multiplexing (WDM) communication applied to multi-user UWB systems, where different wavelengths can be used as different channels for different users.
Conclusion
We have demonstrated a photonic-chip-based scheme for all-optical UWB pulse generation by exploiting on-chip XPM and on-chip birefringence in single As 2 S 3 rib waveguide. By adjusting the PC and VODLs, both UWB monocycles and doublets with switchable polarity have been generated. Extension towards multi-wavelength UWB pulses with flexible pulse shape and polarity can be achieved by simply adding more CW probes with an appropriate wavelength spacing, which can be applied to multi-casting and multi-access UWB systems. The generated UWB pulses show good dispersion tolerance because the frequency chirp in the input pulses is not transferred to the output by XPM. The possibility of simultaneously implementing a number of modulation formats in this scheme has been analyzed. Finally, the scheme has the potential of on-chip and monolithic integration by integrating the discrete components like BPF [27] , PBS [28] , couplers and VODL [29] on a single chip. This will lead to advantages such as small size, lower loss, lighter weight and better tuning characteristics. Consequently, the proposed approach has a high potential for multi-access, multi-modulation formats and PIC-based UWBoF communication systems.
